Oxidative coupling of thiols to disulfides is of interest from both a synthetic and a biological point of view, because disulfides are useful reagent in organic synthesis [1][2][3] and essential moieties of biologically active compounds for peptide and protein stabilization.
We have been investigating the aerobic oxidation of organic compounds catalyzed by higher valent vanadium compounds. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Stoichiometric higher valent vanadium compounds are known to oxidize thiols to produce disulfides, 37, 38) and a catalytic amount of vanadyl acetylacetonate is also known to cause the oxidative coupling of thiols in the presence of t-butylhydroperoxide. 39) However, there have been no reports about the aerobic oxidative coupling of thiols catalyzed by vanadium compounds. We now describe a novel aerobic oxidative coupling of thiols to disulfides using trichlorooxyvanadium (VOCl 3 ) as a catalyst (Chart 1).
We first examined the oxidation of didodecylthiol as a model substrate with 0.4 eq of VOCl 3 under an oxygen atmosphere in several kinds of solvents (Table 1) . The reaction efficiently proceeded in aprotic polar solvents such as ethyl acetate (run 3) and acetonitrile to provide didodecyl disulfide 40) (run 4). We then investigated the reaction of butanthiol with several higher valent vanadium catalysts in ethyl acetate under an oxygen atmosphere (Table 2) . Dibutyl disulfide 41) was quantitatively obtained in the case of VOCl 3 (a pentavalent vanadium) (run 1). On the other hand, tetravalent vanadiums {vanadyl chloride (VOCl 2 ) (run 2) and vanadyl acetylacetonate [VO(acac) 2 ] (run 3)} did not have sufficient catalytic activity.
Although the oxidation of butanthiol smoothly proceeded to afford the disulfide, over 0.4 eq of VOCl 3 was required to complete the reaction (Table 3) .
We assumed that water produced from the oxidative coupling of a thiol deactivated the vanadium catalyst. Therefore, molecular sieves 3A were added to the reaction mixture to remove the water. 42, 43) In the presence of the molecular sieves 3A, only 0.05 eq VOCl 3 was enough to complete the reaction (Chart 2). This method is equally applicable for the oxidative coupling of several kinds of thiols (Table 4) . In the parentheses, we also show the results of the reaction using 0.4 eq VOCl 3 without molecular sieves. Although the reaction rates were relatively slow, dislufides were efficiently obtained in most cases. As noted in the entry 3, 2-mercaptoethanol was oxidized much faster than in the other cases. The reason for this interesting phenomenon has not been clarified.
In conclusion, the VOCl 3 -catalyzed aerobic oxidative coupling of thiols should be a good method to prepare disulfides.
Experimental
General Procedures Thiols and vanadium compounds were obtained from Wako Pure Chemical Industries, Kanto Kagaku, Nacalai Tesque, or Tokyo Kasei Kogyo without purification. Products were characterized by comparison of their physical data with those of known samples.
The Aerobic Oxidation of Thiols Catalyzed by Trichlorooxyvanadium in the Presence of Molecular Sieves 3A: General Procedures To a stirred mixture of thiol (4.0 mmol), molecular sieves 3A (1.0 g) and ethyl acetate (4.0 ml) was added VOCl 3 (35 mg, 0.2 mmol) under an oxygen atmosphere at room temperature. The reaction was monitored by thin layer chromatography and was continuously stirrered under the same conditions until the thiol disappeared. After the reaction was completed, a drop of saturated aqueous sodium bicarbonate was added and diluted with ethyl acetate (30 ml). The resulting mixture was filtered with Cerite and the filtrate was dried over anhydrous magnesium sulfate. The solvent was evaporated and the residue was purified by silica gel column chromatography (hexane-ethyl acetate as the eluents) to afford the pure products.
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